We report observations of the flickering variability of the symbiotic recurrent nova RS Oph at quiescence in five bands (UBVRI). We find evidence of correlation between the peak-to-peak flickering amplitude (∆F ) and the average flux of the hot component (F av ). The correlation is highly significant with correlation coefficient 0.85 and p−value ∼ 10 −20 . Combining the data from all wavebands, we find a dependence of the type ∆F ∝ F k av , with power-law index k = 1.02 ± 0.04 for the UBVRI flickering of RS Oph. Thus, the rms amplitude of variability scale almost linearly with the average flux of the hot component, < σ rms /F av >= 0.08 ± 0.02. The detected correlation is similar to that found in some X-ray binaries. The possible reasons are briefly discussed. The data are available upon request from the authors.
INTRODUCTION
In the symbiotic recurrent nova RS Ophiuchi (HD 162214) a near-Chandrasekhar-mass white dwarf (WD) accretes material from a red giant companion (e.g., Hachisu & Kato 2001; Sokoloski et al. 2006; Bode 2010 and references therein). It experiences nova eruptions approximately every 20 yr. RS Oph has undergone recorded outbursts in 1898 , 1933 , 1958 , 1967 , and 1985 (Rosino 1987 , with a possible additional outburst in 1907 (Schaefer 2010) . The most recent eruption having occurred on 2006 February 12 (Narumi et al. 2006) .
Using infrared radial velocity measurements, Fekel et al. (2000) found that RS Oph has eccentricity e ≈ 0 and that the red giant and white dwarf (WD) have masses of 2.3 M⊙ and close to 1.4 M⊙, respectively, with a separation between the components of a = 2.68 × 10 13 cm. Brandi et al. (2009) , on the basis of optical and infrared spectra, derived a mass ratio q = Mg/M h = 0.59 ± 0.05 and fine-tuned the orbital period to 453.6 ± 0.4 days. Worters et al. (2007) proposed that for the range of ⋆ based on observations obtained in National Astronomical Observatory Rozhen and Belogradchik Observatory, BUL-GARIA. e-mail: rkz@astro.bas.bg; glatev@astro.bas.bg; kstoyanov@astro.bas.bg spectral types suggested for the red giant in the RS Oph system, its radius is smaller than its Roche lobe, and accretion onto the WD may occur only from the red giant wind. Wynn (2008) considered that both Roche lobe overflow and stellar wind capture are plausible methods for the accretion process in RS Oph. He also proposed that the accretion disk is probably a hybrid type with a stable, cold outer regions and stable, hot inner regions (Wynn 2008 ). The mass accretion rate is estimated at about 2 × 10 −8 M⊙ yr −1 on the basis of Chandra and XM M − N ewton observations obtained after the 2006 outburst (Nelson et al. 2011) .
Flickering (stochastic light variations on timescales of a few minutes with amplitude of a few×0.1 magnitudes) is a type of variability observed in the three main classes of binaries that contain white dwarfs accreting material from a companion mass-donor star: cataclysmic variables (CVs), supersoft X-ray binaries, and symbiotic stars (Sokoloski 2003) . The flickering of RS Oph has been detected by Walker (1977) . Systematic searches for flickering variability in symbiotic stars and related objects (Dobrzycka et al. 1996 Here we present new observations of the flickering variability of RS Oph in the U BV RI bands, and investigate the behaviour of the flickering amplitude.
OBSERVATIONS
Some of the observations presented here were performed before the 2006 outburst using the 1.0-meter Nickel telescope at UCO/Lick Observatory on Mt. Hamilton near San Jose, CA (USA). The majority of the observations, however, were obtained after the 2006 outburst between July 2008 and September 2013 with the following telescopes: the 2m RCC telescope, the 50/70 cm Schmidt telescope, the 60 cm telescope of the Bulgarian National Astronomical Observatory Rozhen, and the 60 cm telescope of the Belogradchick Astronomical Observatory. All the telescopes are equipped with CCD cameras. The 2m RCC telescope is equipped with a dual channel focal reducer (Jockers et al. 2000) and has the possibility to observe simultaneously in two bands -U (blue channel) and V (red channel).
All the CCD images have been bias subtracted and flat fielded, and standard aperture photometry has been performed. The data from Lick Observatory were reduced using IDL. For the data from Rozhen and Belogradchick, the reduction and aperture photometry were done with IRAF and checked with alternative software packages. We used the comparison stars of Henden & Munari (2006) . In addition to the new observations, we also used published data (Zamanov et al. 2010; . A few examples of our observations are presented in Fig. 1 . Pavlenko et al. (2008) modelled a 2006 August spectrum of RS Oph in the 1.4 − 2.5 µm range and determined the following parameters for the red giant: T ef f = 4100 ± 100 K, log g = 0.0 ± 0.5, [F e/H] = 0.0 ± 0.5, [C/H] = −0.8 ± 0.2 and [N/H] = +0.6 ± 0.3. These abundances may vary considerably, however, if the red giant is contaminated by the nova ejecta, as has been suggested by Scott et al. (1994) . Irradiation of the red giant by the still-hot WD may also be a complicating factor in the immediate aftermath of an eruption. Using near-infrared spectroscopy in the 1-5 µm range, found T ef f = 4200 ± 200 K for the red giant.
RED GIANT CONTRIBUTION
The grids of colours for cool stars (Houdashelt, Bell, Sweigartet 2000) Skopal (2015) modeled the spectral energy distribution of RS Oph adopting for the red giant giant V ∼ 12.0. Using decomposition of the spectrum of RS Oph in quiescence, Kelly et al. (2014) estimate that the giant star should be 0.65 mag fainter in V than the total magnitude of the binary system, which they suppose to be ∼ 11.5. This gives for the giant V ≈ 12.15.
During the time of our observation, the V brightness of RS Oph varied between 10.093 and 11.633 mag. However, after the 2006 outburst the brightness of RS Oph achieved a minimum value V ∼ 12.25 (AAVSO data, Henden, 2013) , which we adopt to be 99% due to the red giant (because some contribution from the white dwarf and nebula should exist). The red giant is 'perhaps slightly variable', as noted by Rosino, Bianchini& Rafanelli (1982) and . Scott et al. (1994) discussed a mechanism whereby the outbursts contaminated the red giant with excess carbon, which had subsequently been convected away. This would negligibly influence the broad band optical magnitudes of the red giant, and we assume that the red giant is non-variable in UBVRI bands.
We also adopt interstellar reddening towards RS Oph of E(B − V ) = 0.73 (Snijders 1987) .
FLICKERING QUANTITIES
We converted the magnitudes into fluxes, adopting flux for a zero magnitude star F0(U ) = 4.167 × 10 −9 , F0(B) = 6.601 × 10 −9 , F0(V ) = 3.610 × 10 −9 , F0(R) = 2.256 × 10 −9 , and F0(I) = 1.226 × 10 −9 erg cm −2 s −1Å−1 (Bessel 1979). The observed flux during a given night was corrected for the contribution of the red giant and interstellar extinction. For each run, we calculate the following dereddened quantities: Fmax -the maximum flux of the hot component; Fmin -the minimum flux of the hot component; ∆F = Fmax − Fmin -peak-to-peak amplitude of the flickering; Fav -the average flux of the hot component:
F f l -the average flux of the flickering, F f l =Fav−Fmin; and the absolute rms amplitude of variability (the squareroot of the light-curve variance):
where N is the number of the data points in the run (as used in Uttley, McHardy & Vaughan, 2005) . Subsequently, we subtract the contribution expected from measurement errors
where σerr is the mean observational error. Following King et al. (2004) , we calculate rms flux:
We correct σ for the observational errors in a similar way as Eq.3. The corrections of σ and σrms for the measurement errors are small, in the range 1-4%. In Fig. 2 and Fig. 4 are plotted the flickering quantities versus the average flux of the hot component. Although we expect them to be connected, it is not clear a priory how the different quantities depend on each other. The least squares fits to data (taking into account the errors of the individual points) in Fig. 2 give:
Fmin = −0.90 (±1.17) + 0.857 (±0.009) Fav, and (6)
where the units for all quantities are 10 −14 erg cm −2 s −1Å . The relations (Eq. 5, 6, 7) are very similar to those already calculated for the recurrent nova T CrB (Zamanov et al. 2004 ). Table 1 , where the first column lists the band(s) used, the second column the number of observations, the third the power-law index and its error, the fourth the Pearson's correlation coefficient, and the fifth and sixth Spearman's correlation coefficient and its significance (p-value). The correlation between ∆F and Fav is highly significant (p << 0.001) even for a single band. Because the significance depends on the number of data points, we obtain higher significance when we use more data, achieving p ∼ 10 −20 , when we use all 73 light curves in UBVRI bands.
Our runs had durations from 40 minutes to 3 hours, and the differing durations could in principle affect the behaviour of the flickering amplitude (because for red noise, rms amplitude depends on the time interval over which it is measured). To check that the differing light-curve durations were not influencing our results, we divided our B band data into 1 hour segments. We re-calculated sigma and amplitude. The result was similar to that obtained with the complete light curves (see Fig.3 d,e,f and Table 1) .
Looking for a dependence of the type ∆F ∝ F k av , we fit the data to a stright line in log-log space, taking into error into account Fig.4 . The results for the power law index k are summarized in the third column of Table 1. For the power law index k, the calculated values are in the range 1.02 k 1.32. In general, k = 1.02±0.04, which is derived from all of the observations, should provide a better measure of k.
Relationship between the rms variability and average flux
The analysis of the correlation between rms variability (σ, σrms) and Fav gives again a strong correlation. Using all 5 bands for the correlation between σ and Fav ( Fig. 4b) we calculate correlation coefficient 0.80 and significance 3 × 10 −14 . For σrms and Fav (Fig. 4c) , we calculate correlation coefficient 0.84 and significance 6 × 10 −17 . The relationship between the rms variability and the mean flux seems to be close to linear. In Fig.4d ,e,f (right panels) we plot the fractional variability, normalized with Fav. There are deviating point (the deviation is better visible in Fig.3k ), which are due to 20150815 run (see Sect. 6.1 for details). We estimate mean values < σrms/Fav >= 0.08 ± 0.02 and < σ/Fav >= 0.010±0.004. Our data show that the fractional rms variability remains approximately constant, despite significant flux changes (∼factor of 4.4 in B band). Following King et al. (2004) , σ/Fav depends on the Shakura & Sunyaev (1973) α−viscosity parameter in the accretion disk (see Fig.8 of King et al. 2004 ). For RS Oph we calculate σ/Fav ∼ 0.01, which corresponds to α 0.006.
DISCUSSION
The flickering of RS Oph disappeared after the 2006 outburst (Zamanov et al. 2006) , indicating that the accretion disk is destroyed by the blast wave from the nova. Photometric data of Worters et al. (2007) showed evidence of the resumption of optical flickering, indicating reestablishment of accretion by day 241 of the outburst. Most of the present data were obtained after the reappearance of the flickering. That the data obtained before and after the outburst (1997-1998) and (2009 -2013) exhibit the same behaviour confirms that the behavior we see persists over long time periods (more than a decade).
Light curve from 2012 August 15
Kundra, Hric, & Gális (2010) performed wavelet analysis of the flickering of RS Oph and found two different sources of flickering, the first one with amplitude 0.1 mag and frequency 60-100 cycles per day, and the second one with amplitude 0.6 mag and frequency less than 50 cycles per day. These frequencies are also visible in most of our observations (Fig.1, left and right panels) . However they are not visible in our 20120815 run (see Fig.1, mid panel) . The light curve of RS Oph obtained on August 15, 2012 shows smooth variations. It resembles the B band light curve of CH Cyg obtained on June 9, 1997 (see Fig. 1 of Sokoloski & Kenyon 2003b) , during which time Sokoloski & Kenyon (2003a) suggested that the inner disk was disrupted due to the launch of a jet. The fractional rms variability on this run has a value σrms/Fav = 0.23. This value deviates considerably from the other data points (see Fig.4f ), indicating that at this moment the accretion disk was in an unusual state.
Amplitude of flickering
We detect (Sect.5.1) correlation between ∆F and Fav. Such a correlation has already been detected in few other binaries. Analyzing the U band flickering of the symbiotic star CH Cyg in 1974 -1989 , Mikolajewski et al. (1990 Our results for RS Oph point to a value of k = 1.02 ± 0.04, not surprisingly similar to the value derived in T CrB. There are many similarities between these two "sister" systems, e.g., they both: (1) are recurrent nova; (2) harbour very massive white dwarfs; and (3) accrete at similar rates -RS Oph: 2 × 10 −8 M⊙ yr −1 (Nelson et al. 2011 ), T CrB: 2.5 × 10 −8 M⊙ yr −1 (Selvelli & Gilmozzi 1999 ). An increase in brightness (and Fav) is usually due to an increase in the mass accretion rate. If the flickering is coming from the boundary layer between the accretion disk and the white dwarf (innermost part of the accretion disk), we expect the value of the power-law index k to be connected with the response (changes in the structure and/or the size) of the boundary layer to the changes inṀacc. If the flickering is coming from a hot spot (outer part of the accretion disk), we expect k and σ/Fav to be associated with the size (mass) of the accreting blobs. Dobrotka et al. (2010) analyzed V-band photometry of the aperiodic variability in T CrB. By applying an idea of angular momentum transport in the accretion disc, they have developed a method to simulate the statistical distribution of flare durations with the assumption that the aperiodic variability is produced by turbulent elements in the disc. In this model, the detected correlation and the values of index k and σ/Fav should be connected with the size of the turbulent elements, e.g. how the size of the turbulent element changes.
In cataclysmic variables, many statistical properties of the flickering are explained with the fluctuating accretion disc model in which variations in the mass-transfer rate through the disc are modulated on the local viscous time-scale and propagate towards the central compact object (Scaringi 2014) . In this model, the detected correlation should be connected with the dimensions of the hot thick inner accretion flow. Yonehara, Mineshige & Welsh (1997) proposed a model in which light fluctuations are produced by occasional flarelike events and subsequent avalanche flow in the accretion disk atmospheres. Flares are assumed to be ignited when the mass density exceeds a critical density. In this model the correlation could be connected with the size of the element, where the density exceeds a critical density. Fig.2. In a) ,b),c) panles are plotted amplitude ∆F , σ, and σrms respectively. In d),e),f) panels are plotted ∆F , σ, and σrms for 1 hour bins. In g),h),k) panels is the normalized variability. 
Analogy with accreting black holes
One feature of the broad-band X-ray variability of the accreting black holes is the so-called rms-flux relation, which is a linear relationship between the absolute root-mean-square (rms) amplitude of variability and the flux, such that the sources become more variable as they get brighter. Uttley & McHardy (2001) found this relation in Cyg X-1 (black hole mass 14.8 M⊙, Orosz et al. 2011 ) and in the accreting millisecond pulsar SAX J1808.4-3658 (neutron star mass ≈ 2 M⊙, Wang et al. 2013) . Heil & Vaughan (2010) reported the detection of this relation in the ultraluminous X-ray source NGC 5408 X-1 (black hole mass 100 -1000 M⊙).
Analyzing Kepler light curves, Scaringi et al. (2012) discovered a similar linear relationship between the rms variability amplitude and the mean flux in the cataclysmic variable MV Lyrae. In MV Lyr, the white dwarf mass is ≈ 0.72 M⊙, and the mass transfer rate is in the range 3 × 10 −13 M⊙ yr −1 (Hoard et al. 2004 ), 8.5 × 10 −10 M⊙ yr −1 (Echevarría 1994) , 2 × 10 −9 M⊙ yr −1 (Godon & Sion 2011). The observations reported here indicate that a similar relationship exists in the case of RS Oph, although the white dwarf mass is close to the Chandrasekar limit (Brandi et al. 2009 ) and the mass accretion rate is a few orders of magnitude higher 2 × 10 −7 − 2 × 10 −8 M⊙ yr −1 (Osborne et al. 2011 , Nelson et al. 2011 ).
The rms-flux relation remains an enigmatic observational feature of accreting compact objects, but it clearly contains information about the dynamics of the infalling material. The similarities between the behaviour of the optical flickering amplitude in white dwarf accretors with the X-ray variability of accreting black holes indicates that there is similar process, which works to produce short term variability in the accretion flows around white dwarfs, stellar mass black holes, and super-massive black holes. The deviating points (like 20120815) could help us to better understand the physical processes producing the short-term variability.
CONCLUSIONS
We present observations of the flickering variability of the recurrent nova RS Oph at quiescence in the optical UBVRI bands. We discover a highly significant correlation between the flickering amplitude and the average flux of the hot component. The amplitude-flux (∆F vs. Fav) and rms-flux (σ vs. Fav) relations contain information about the infalling material in the accretion disk and should be useful to test the theoretical models of flickering. This paper has been typeset from a T E X/ L A T E X file prepared by the author.
